IntroductIon: Iron-deficiency anemia (IDa) is recognized to have long-lasting effects on neurodevelopment, but there is little research on neuroendocrine systems. Methods: This study examined the effects of IDa in early or later infancy on plasma cortisol and prolactin stress-response patterns for 1 h after a venipuncture and catheter placement in 10-y-old healthy chilean children. children identified with IDa at 6 mo (IDa-6; n = 13) or 12 mo (IDa-12; n = 24) and who were iron sufficient (Is) at other infancy time points were compared to children who were Is at all time points during infancy (n = 23). all children received at least 6 mo of oral iron treatment in infancy. results: at 10 y of age, IDa-6 and IDa-12 children demonstrated altered cortisol response patterns; both showed a more immediate decline and IDa-12 children showed a blunted curvature as compared to Is children. IDa-12 children showed significantly lower cortisol levels at 30 and 45 min after venipuncture and catheter placement than did Is children. There were no significant differences for stress-responsive plasma prolactin patterns between groups. dIscusIon: The results indicate that having IDa during infancy is associated with long-term neuroendocrine effects on stress-responsive cortisol patterns.
I
ron is required for many central nervous system (CNS) processes (1) . In recent decades, there has been an upsurge in research on the CNS effects of iron deficiency (ID), a common nutritional disorder that affects billions of people worldwide. Several CNS processes that are altered in ID are involved in neuroendocrine functioning (2) , but few ID studies have considered neuroendocrine effects. Studies in the 1980s assessed prolactin because of the link of iron-deficiency anemia (IDA) to altered brain dopamine systems and because prolactin is under inhibitory dopaminergic control (3) (4) (5) . Serum prolactin concentrations and hepatic prolactin receptors were elevated in iron-deficient rats (6, 7) . We previously explored serum prolactin in a relatively small sample of 12-to 23-mo-old Costa Rican infants who participated in a study of ID and infant development. Serum prolactin levels did not differ by iron status, but the behavioral profile typical of infants with IDA (wary and hesitant) was associated with elevated serum prolactin (8) .
Serum prolactin was measured again in the same children in early adolescence and those who had chronic ID in infancy showed an altered serum prolactin response pattern, suggesting long-term effects on this neuroendocrine system (9) .
More than two decades ago, researchers also investigated the hypothalamic-pituitary-adrenal (HPA) axis and IDA in rats. Rat pups raised on an iron-deficient diet from birth had elevated basal corticosterone levels at 29-30 d of life and a lower incremental increase in corticosterone in response to ether-exposure stress, as compared with iron-sufficient pups (10) . After a month of dietary iron treatment, basal corticosterone did not differ between previously IDA and control rats; however, behavioral differences persisted on mildly stressful tasks between these groups (11, 12) . In another study, prepubertal rats made iron deficient after weaning showed increased urinary norepinephrine at baseline and after surgical stress (13) . Norepinephrine stimulates adrenocorticotropin production from the anterior pituitary, which in turn stimulates cortisol production, the end product of HPA axis activation. However, in the same postweaning IDA model, young adult rats with IDA did not show basal corticosterone differences. In addition, mild or severe stress was associated with only modest corticosterone changes in rats with IDA (14) . Ultrastructural and cytochemical changes in adrenal cortex have also been observed in rats with IDA (15) . Overall, in studies of IDA and the HPA system in rodents, the findings have been mixed.
There is little available research on IDA and cortisol responses in humans or nonhuman primates. In a preliminary report, children who were treated for IDA during infancy showed lower morning cortisol levels (16) . Another study showed adults with IDA had blunted cortisol responses to adrenocorticotropin stimulation (17) . In a monkey study, infants born to mothers that were randomly assigned to prenatal iron deprivation showed elevated cortisol levels in response to novel contexts at 4 mo of age. The 4-mo age in monkeys is roughly equivalent to older infancy/toddlerhood in humans (18) . At no time were the monkey mothers or infants anemic in this study, indicating that the effects of iron deprivation occurred in the absence of anemia. Thus, there is evidence of effects of ID and IDA on the HPA system in human and nonhuman primates, but the few available studies involved different age periods and conditions.
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To clarify the relationship between IDA in infancy and neuroendocrine responses to stress later in life, we assessed stress-responsive plasma cortisol and prolactin concentrations in 10-y-old Chilean children who had been recruited in infancy and then followed for iron status and behavior. Using venipuncture and catheter placement, the same procedure as in our Costa Rica study, we collected sequential blood samples over 1 h in order to evaluate neuroendocrine responses to the stress of venipuncture. Based on our previous results, we predicted that children who had IDA as infants would show a faster decline in plasma prolactin concentration. We did not have specific predictions about cortisol changes because of mixed findings in the studies available on the HPA axis and IDA. The Chile study was also designed to consider whether the age at which IDA occurred in infancy affected outcomes.
RESULTS
The characteristics of the 60 children (IDA-6 n = 13; IDA-12 n = 24; iron sufficient (IS) n = 23) included in this study are shown in Table 1 . At the time of this neuroendocrine assessment, children in the IDA-6 group were significantly younger than the comparison group of IS children, but the 0.1-y difference is equivalent to about 5 wk and not clinically meaningful at this age. There was also a lower percentage of boys in the IS group, but the percentage gender by group did not differ significantly. Socioeconomic status of the children in this study did not differ at enrollment in infancy or at the time of this follow-up by iron status group ( Table 1) . Tables 2-4 show the hematology for the study children in infancy, and at 5 and 10 y of age, respectively, by iron status group. IDA in infancy responded well to iron therapy ( Table 2) , and the majority of children maintained good iron status subsequently. Of the samples available at 5 y, only three children had ID ( Table 3) . At 10 y, three children had ID ( Table 4) . Removing the ID children from analysis did not change the results as outlined in the following.
Plasma Prolactin
Over 1 h after venipuncture and catheter placement, there were no significant differences for plasma prolactin concentration or response pattern by iron status in infancy, whether unadjusted or adjusted for age, puberty, and gender. The plasma prolactin response patterns are shown in Figure 1a for each iron status group.
Plasma Cortisol
There were no significant differences for plasma cortisol level at venipuncture and catheter placement (time 0). However, the IDA-12 group had significantly lower cortisol levels at 30 and 45 min after venipuncture than did the IS group (mean µg/dl ± SE); 30 min: IDA-12 43.4 ± 13.5, IS 97.8 ± 13. 
DISCUSSIoN
This study demonstrates that IDA in infancy is associated with long-lasting differences in the HPA neuroendocrine system. As compared to children who were IS during infancy, children who had IDA at either 6 or 12 mo lacked the typical rise of cortisol after an acute stress of venipuncture and catheter placement at 10 y of age. In addition, children who had IDA identified at 12 mo had a blunted cortisol response pattern, and plasma cortisol concentrations, at 30 and 45 min after venipuncture and catheter placement compared with those who were IS in infancy. Thus, years later, IDA during infancy appears to alter the initial cortisol response to stress, and for those who had IDA at 12 mo, IDA resulted in a blunting of the typical stress-responsive pattern.
The HPA axis is the major stress-response system in humans, and cortisol responses are affected by several factors including the type of stress, the context the individual is experiencing around the time of measurement, and the individual's previous experiences, e.g., during the development of the HPA axis (19, 20) . In this study, the type of stress was standardized to venipuncture and catheter placement. The context was standardized to a process of a brief physical exam and being prepared for a polysomnographic sleep study, a protocol that was familiar to the children without affecting the individual bedtime routines. The last aspect is relevant because sleep restriction/deprivation is a modifier of plasma cortisol concentration values (21) . Cortisol also has diurnal or circadian modulation of the HPA axis; time of day influences plasma cortisol concentration, which, in turn, affects cortisol responses to stress. Cortisol levels are typically highest during the last part of nighttime sleep and 30 min of awakening, 
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Cortisol, prolactin after IDA in infancy and after an initial rapid decline, levels decrease more gradually during the afternoon, reaching a nadir by the late evening, typically at waking-sleep transition and sleep onset (20, 22, 23) . The extent of rise of cortisol after a stress is constrained when the cortisol levels are already elevated, as in the early morning (24) . In this study, the neuroendocrine measurements were taken at least 1 h before the expected individual sleep onset.
The first blood sample in this study was obtained at the nadir of the cortisol circadian pattern and showed no differences by infancy iron status. This suggests the evening nadir of the diurnal HPA system was not significantly altered by infant IDA; however, another study assessed IDA and diurnal HPA cortisol levels and is important to consider. The study by Yehuda 
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et al. demonstrated lower morning salivary cortisol levels in 10-y-old children who had IDA during infancy (16) . This suggested a blunting of the normal morning rise of the diurnal cortisol pattern. Although there are important design differences between the Yehuda study and our study (time of day of assessment, sample type, and collection method (venipuncture vs. salivary collection), among others), the possibility that IDA during early life has a long-lasting effect on the diurnal circadian cortisol system deserves further investigation.
Differences in the stress-responsive cortisol system were demonstrated for study children who had IDA at 12 mo: lower plasma cortisol concentrations and a blunted response pattern after a stress as compared with children who were IS in infancy. Flattening of the cortisol stress-responsive and circadian patterns has been described in animal models and in humans. Termed hypocortisolism, such alterations of HPA functioning have been linked to adverse or challenging experiences early in life (20, 25) . Investigations in animal models suggest there are sensitive periods during the development of the HPA axis whereby stress and high cortisol (corticosterone) exposure are associated with reduced amplitude of the circadian modulation (e.g., lower morning levels) and blunted cortisol responses to stress later in life. This blunted cortisol response pattern for infants who had IDA at 12 mo is consistent with some of the previous findings in rodent studies (10, 11) . The mechanisms that underlie the blunted stress-responsive cortisol pattern long-term are unknown. However, like other challenges early in life, this nutritional deficiency may result in long-lasting, key alterations in HPA functioning.
In this study, we assessed the timing of IDA and used strict criteria that limited the possibility of ID without anemia at other time points. This was because of the finding from a previous study involving monkeys that iron deficiency without anemia was associated with altered cortisol responses (18) . We found that children who had IDA between 6 and 12 mo appeared to have an intermediate cortisol response, lower than the IS group but not significantly different from either the IS or IDA-12 group. Unfortunately, a limitation of assessing discrete IDA time periods is that it likely limited our power to determine other smaller but true differences in cortisol level and response patterns.
Plasma prolactin concentration and response patterns after venipuncture and catheter placement at age 10 y did not differ by iron status in infancy. These results differed from our previous finding in Costa Rica and our predictions for this study. In the Costa Rica study, chronic ID in infancy was associated with a blunted serum prolactin response pattern after venipuncture and catheter placement in early adolescence (9) . There are several important differences that may explain the discrepant findings between studies. The children in the Costa Rica study likely experienced a more chronic period of ID/IDA because they were identified later in infancy (at 17 mo, on average), and iron status before identification was unknown. In contrast, the children described in this study could not have had IDA in infancy for more than a few months because their iron status was measured at 6, 12, and 18 mo, and they received prompt iron treatment upon detection of IDA. In addition, the adolescents in the Costa Rica study were, on average, 2 y older than the children in this study and many were pubertal; the majority in this study were not. Furthermore, the time of day of assessment in the Costa Rica study was morning contrary to the evening measurements in this study. Plasma prolactin also has a circadian pattern, with higher levels during sleep. Thus, the differences in study findings could reflect the timing, duration, and/or severity of IDA in infancy, developmental stage at follow-up, and/or time of day of assessment. Finally, as plasma prolactin concentration and rapid-eye-movement sleep regulation are closely related (26) , and former subjects with IDA showed altered rapid-eye-movement sleep patterns (27) , differences in prolactin concentration between groups could become apparent during sleep. Given the strong theoretical basis for expecting an effect of early IDA on the dopaminergic regulation of the prolactin system, further work is needed (4,28) . 
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This study is limited by the relatively small number of subjects and a lower percentage of males in one group; however, our aim was to examine the effect of time of IDA during infancy on neuroendocrine measures. By design, we included only those children who had IDA at one time point in infancy and were otherwise IS, or for the IS group, only those children who were IS throughout infancy. A second limitation is that we measured only the end products, cortisol and prolactin, of two neuroendocrine systems. Future studies should consider measuring adrenocorticotropin at the time of blood collection to help understand potential mechanisms underlying the differences in response pattern observed (e.g., hypothalamic or adrenal). Measuring salivary cortisol in the time period before, at, and after catheter placement might also help determine whether those children who had IDA in infancy had anticipatory cortisol responses to the procedures, which might have obscured initial differences. Other limitations of this study include a lack of data about specific genetic differences for the study children, dietary factors over the course of childhood, and that we could not control changes in iron status during the periods between 12 mo and 5 and 10 y. Taken together, these limitations reduce the stringency of our conclusions. There is no clear explanation of why neuroendocrine alterations associated with early IDA should be that long-lasting, and we cannot rule out that these uncontrolled confounders or some other unidentified factor(s) may account for the association. Still, we suggest that these neuroendocrine alterations may relate to persisting modifications of the brain processes in which iron is involved.
In summary, although long-term effects of IDA in infancy have been shown for several aspects of neurodevelopment across species, this study demonstrated that IDA in infancy also affects the HPA neuroendocrine system later in life. IDA around a year of age blunted serum cortisol response patterns to a stress at age 10 y. IDA in infancy was not associated with differences in the prolactin stress-responsive system. However, findings from previous studies and the theoretical basis for IDA effects suggest that further evaluation of this system is warranted.
METHoDS
Subjects
Children who had IDA at 6, 12, or 18 mo of age and children who had been nonanemic in infancy were invited to participate in a neuromaturation follow-up at 10 y of age. The subjects were participants in an ongoing research project on sensory, motor, social-emotional, cognitive, and neuromaturation effects of IDA in infancy. Detailed descriptions of the subjects and findings during infancy and preschool age have been published (27, (29) (30) (31) . Briefly, study participants were healthy, full-term Chilean infants (birth weight ≥ 3 kg, no perinatal complications, and no acute or chronic illnesses). Anemia was defined as venous hemoglobin (Hb) ≤ 100 g/I at 6 mo and < 110 g/I at 12 or 18 mo (32) . ID was defined as two or more of three iron measures in the deficient range (mean cell volume (MCV) < 70 fl, erythrocyte protoporphyrin (FEP) ≥ 100 µg/dl red blood cells (1.77 μmol/l), serum ferritin <12 µg/I). For each infant with IDA identified at 6, 12, or 18 mo, an infant of the same age who was nonanemic (venous Hb >115 g/I) was randomly selected. Six-mo-old infants were treated for 1 y with 15 mg/d of elemental iron as oral ferrous sulfate; infants identified at 12 or 18 mo were treated with oral iron (30 mg/d) for a minimum of 6 mo. To reduce the chances that infants from the nonanemic group became iron deficient, they underwent the same iron treatment.
For the 10-y follow-up, we attempted to contact the 269 children from the larger study who had neurophysiology studies in infancy or the preschool period. Thirty-one children did not participate in the follow-up: 19 had moved, 8 declined participation or had a scheduling conflict, 3 could not be located, and 1 was disqualified because of health problems. Participating children and their families were free to agree to some but not all parts of the follow-up. Therefore, of the families contacted, 114 agreed to sequential blood samples following venipuncture and catheter placement. There were no statistically significant differences in background characteristics among former IDA children who had catheter placement for neuroendocrine assessments and those who participated only in other aspects of the follow-up study. Comparing the children who had been nonanemic in infancy and had the neuroendocrine assessments at 10 y of age with those who did not, those with neuroendocrine studies had been born to older mothers (28.5 vs. 25.0 y, P = 0.01), and a higher proportion lived in father-absent households at follow-up (31% vs. 13%, P = .04). Socioeconomic status evaluation was available as previously described for infancy and the 10-y follow-up (32, 33) .
The original infant study and follow-up protocols were approved and reviewed annually by the institutional review boards of the University of Michigan Medical Center, Ann Arbor, MI, and Institute of Nutrition and Food Technology, University of Chile, Santiago. Parents provided signed informed consent, and children provided assent beginning at 10 y of age.
Procedures
Children and their mothers were transported to the laboratory for an overnight sleep study. On arrival in the early evening, they became familiar with personnel and setting; individuals' bedtime routines were maintained. Blood was sampled at venipuncture and catheter placement and then every 15 min thereafter for 1 h. During this hour, the children were prepared for polysomnography (e.g., reminding them of the procedure, placing electrodes, etc.) by experienced and familiar project personnel. Tanner stage was determined by one of the physician investigators (34) .
Iron Status and Neuroendocrine Analyses
Iron status was based on venous Hb, MCV, FEP, transferrin saturation, and ferritin in infancy and at this 10-y follow-up. Children in the parent study were also assessed at 5 y, and available hematology was also reviewed for the subjects in this study. As in the past, we defined anemia as Hb below normal for age and sex and ID as two or more abnormal iron measures. Cutoffs for 10-y-olds in NHANES III were used to determine ID (≥2 abnormal measures and IDA (low Hb as well): Hb <118 g/l, MCV <76 fl, transferrin saturation <14%, >1.24 μmol/l red blood cells (70 μg/dl), and plasma ferritin <12 mcg/l). For neuroendocrine assays, blood samples were promptly centrifuged and plasma samples were frozen at −80 °C. Plasma was assayed in duplicate for prolactin and cortisol concentrations using electrochemiluminescence assays (Roche, Basel, Switzerland). Samples were assayed once for each neuroendocrine measure. The coefficient of variation was 1.94% for cortisol and 0.42% for prolactin.
Data Analysis
Due to the nature of the original Chile study, infants could have been iron deficient at time points other than the age at which IDA was identified. For example, an infant identified as having IDA at 12 mo could have been iron deficient at 6 or 18 mo. Including such infants would complicate our ability to see a primary effect of timing of IDA. We therefore used all available hematology data at 6, 12, and 18 mo to identify clear-cut groups with regard to iron status and timing, specifically children who had been IDA only at the time point of identification. Similarly, nonanemic infants could have been iron deficient at one or more time points, as the nonanemic group was selected based on hemoglobin only. To have a clear-cut IS control group for comparison, we excluded children who were iron deficient as infants. Only six infants identified with IDA at 18 mo were IS at other time points;
